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Summary
The direct conversion of the sunlight into electricity is the most elegant process
to generate environmentally-friendly renewable energy. Plastic solar cells offer
the prospect of flexible, lightweight, lower cost of manufacturing, and hope-
fully an efficient way to produce electricity from sunlight. Since the discovery
of photo induced charge transfer from a conjugated polymer to C60, followed
by introduction of the bulk heterojunction concept, this material combination
has been extensively studied in organic solar cells leading to a power conver-
sion efficiency approaching 6% nowadays. A typical bulk heterojunction solar
cell (see Figure 1) consists of a photoactive layer sandwiched between two dif-
ferent electrodes. Clearly, if the cell is to be exposed to light, at least one of
the electrodes must be (semi-)transparent. The photoactive layer is based on a
blend of an electron donating material (p-type semiconductor) and an electron
accepting material (n-type semiconductor) forming nanostructured bicontinu-
ous interpenetrating networks. The fundamental steps in molecular solar power
conversion are: absorption of a photon creating an exciton (bound electron-hole
pair); exciton diffusion; charge transfer at donor/acceptor interface; dissociation
and separation of the carrier pair; charge carrier transport to the corresponding
electrodes; collection of charges by the electrodes.
Figure 1: Device configuration of a bulk heterojunction solar cell with a photoactive layer
consisting of a blend of rr-P3HT (the donor) and methanofullerene (the acceptor).
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Although significant progress has been made for bulk heterojunction pho-
tovoltaic devices, the current efficiency of these solar cells does not guarantee
(large scale) commercialization. The most commonly used n-type semiconduc-
tor in the bulk heterojunction solar cells is [60]PCBM. Up till now [60]PCBM
remains the best performing soluble fullerene derivative in combination with
rr-P3HT. Improving the performance and lifetime of bulk heterojunction solar
cells requires careful design and material engineering, and more insight in the
operation of these devices. This thesis addresses the possibility of using new
fullerene derivatives in organic bulk heterojunction photovoltaic devices, and
discusses the preparation, and the morphological and electrical characterization
of devices made from rr-P3HT and a library of new methanofullerenes.
In Chapter 2, the experimental set-up used to study the device characteristics
of bulk heterojunction solar cells based on different n-type semiconductors is
outlined. A short overview of the materials used and the protocols that we de-
veloped for reproducible device preparation and characterization is presented.
The preparation of an analogue of [60]PCBM with the aim of improving mis-
cibility with polythiophenes donors, especially rr-P3HT is described in Chapter
3. In this compound the phenyl group from [60]PCBM is replaced by a thienyl
group, resulting in [60]ThCBM (see Figure 1). The electrical characterization
of pristine [60]ThCBM films reveals that its electron transport properties equal
those of [60]PCBM, which indicates that the electron transport properties are
not altered upon replacing the phenyl with a thienyl group. When [60]ThCBM
was blended with MDMO-PPV (1:4 w/w) the power conversion efficiency was
lower compared to that of the MDMO-PPV:[60]PCBM solar cells, due to an un-
balanced charge transport (the hole mobility of MDMO-PPV is not strongly en-
hanced upon blending with [60]ThCBM). In contrast, when using [60]ThCBM
in combination with P3HT (1:1 w/w) as the donor counterpart, the improved
morphology, after thermal annealing and the optimized absorber composition,
leads to a power conversion efficiency up to 3.0%. The increase of efficiency,
after thermal annealing, is due to the increasing crystallinity of P3HT and hence
the enhancement of the hole mobility in the P3HT phase of the blend by two
orders of magnitude relative to as cast devices.
In Chapter 4 we present a more detailed study of the morphology and electri-
cal properties of photovoltaic devices consisting of blends of rr-P3HT as electron
donor and [60]ThCBM as an electron acceptor. The solar cells were fabricated
by depositing the photoactive layer from solvents with different boiling points.
In this way the growth rate of the films was controlled. It is shown that slow
growing of the active layer films in P3HT:[60]ThCBM (1:1 w/w ) blends, by
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using solvents with a high boiling point, facilitates the formation of highly crys-
talline films. This enhances the interchain interactions in the P3HT phase, and
improves the hole transport in the blend by an order of magnitude. This leads
to a well balanced charge carrier transport in the blend. The difference in power
conversion efficiency between slow and fast grown films is mainly determined
by the difference in the fill factor and open-circuit voltage of the cells. Although
the open circuit voltage tends to be lowered (with approximately 40 mV) in de-
vices with active layers with a higher degree of molecular organization, it is
the significant increase in the fill factor (up to 70%) which gives much higher
(13% relative) power conversion efficiencies. The benefit of better charge trans-
port for slow growing films makes it possible to fabricate thicker films (≈ 300
nm) without significant loss in fill factor, and therefore it allows for maximizing
light absorption in these blends.
In spite of the high potential of polymer photovoltaic cells, a major chal-
lenge remains the improvement of their stability under operational conditions.
Therefore, in Chapter 5 the stability of the slow growth P3HT:methanofullerene
solar cells devices has been investigated. The methanofullerenes used in this
chapter are [60]PCBM, [60]ThCBM , and [70]PCBM (see Figure 1). Electrical
and optical properties of these devices were monitored for a test period up to
1000 hours under continuous illumination. The experimental results reported
in this chapter show that the P3HT:[70]PCBM cell was found to be the most
stable one, with a power conversion efficiency decreasing to about 82% of ini-
tial performance, after 1000 hours of operation under continuous illumination
at room temperature. The hole transport through the blend (P3HT phase) re-
mains unaffected during the stability test, therefore the hole mobility is not the
cause for the degradation observed in the solar cell devices. The decrease in
efficiency for solar cells containing [70]PCBM, [60]PCBM, and [60]ThCBM can
be explained by the fact that during illumination also fullerenes crystallize and
form larger crystallites in time, which could result in a decrease of the electron
mobility in the blend as a consequence of interrupted percolation paths. The
[70]PCBM (as a mixture of isomers) has less tendency to crystallize compared
to [60]PCBM and [60]ThCBM, therefore this kind of degradation of cell perfor-
mance as a result of phase separation with this higher fullerene derivative in the
active layer is very likely reduced. Additional results presented in this chap-
ter indicate that the top electrodes used do not significantly affect the stability
of P3HT:methanofullerene devices under continuous illumination. The same
degradation for photovoltaic parameters, after 360 hours of continuous illumi-
nation, was observed upon using Al as top electrode instead of Sm/Al. This is
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another indication that the degradation in the cell parameters, as seen in this
specific study, might be caused by the changes that occur mainly within the ac-
tive layer of the solar cells during continuous illumination.
In Chapter 6 we present experimental studies of the bulk heterojunction solar
cells containing, concomitantly in the same device, two different types of n-type
semiconductors [60]PCBM and [70]PCBM (of which one as a mixture of iso-
mers, in this case) in combination with a donor material, here rr-P3HT. It should
be noted that both the HOMOs and LUMOs of [60]PCBM and [70]PCBM are
(close to) identical. These two molecular semiconductors do have very different
solubilities and precipitation behaviors as pure components, but using blends
of the two surprisingly does not seem to affect morphology and does not com-
plicate the processing conditions for devices. Simply replacing the n-type with
the [60]PCBM/[70]PCBM mixture with no change in processing conditions or
device parameters results in identical device performance within experimental
error. Next, we show that this concept generalizes to other fullerene derivative
types. The fullerene bis-adducts, used as n-type semiconductors in combina-
tion with rr-P3HT, are promising candidates for increasing power conversion
efficiency of the solar cells because they show a clear enhancement in the VOC
compared with the ”state of the art” P3HT:[60]PCBM solar cells. Finally, the
effect that certain impurities in the n-type semiconductor composition (such as
pure C60 or PCBM derivatives of fullerenes higher than C70) have on the electri-
cal properties of the solar cell devices is quantified. By including in the n-type
semiconductor trace amounts of PCBM derivatives of fullerenes higher than C70
the device performance is drastically influenced because they act as deep elec-
tron traps.
